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ABSTRACT The soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphididae) is a signiÞcant
soybean pest in the north central United States. Insecticidal seed treatments and host plant resistance
are two commercially available management tools. Here we investigate the efÞcacy of both man-
agement tools throughout the season. Soybean lines containing the soybean aphid resistance genes
Rag1, Rag2, or both Rag1  Rag2 were compared with a near-isogenic aphid-susceptible line. Each
linewas grown inÞeldplots bothwith andwithout thiamethoxamapplied to the seed. Individual plants
from each plot were caged and infested with soybean aphids to measure the efÞcacy and potential
interaction of aphid resistance and thiamethoxam. Aphid population growth rate was measured for
each caged plant for 9Ð12 d after infestation. New cages were established each week from 34 d after
planting (dap) to 92 dap to track seasonal variations in efÞcacy. Thiamethoxam reduced population
growth only at the 42 dap time point and only for the susceptible, Rag1, and Rag2 lines. The lack of
an effect of thiamethoxam on the Rag1 Rag2 line was likely because of already high mortality from
two resistance genes. Aphid resistance alone reduced population growth compared with the suscep-
tible line at least till 55 dap for single-gene resistance and 63 dap for the two genes combined. Aphid
resistance provided suppression of soybean aphid population growth throughout the seasonunlike the
insecticidal seed treatment.
KEY WORDS integrated pest management, thiamethoxam, Aphis glycines
Soybean aphid, Aphis glycines Matsumura (Hemiptera:
Aphididae) is an invasive pest that causes economic
damage to soybean in the north central United States
(Ragsdale et al. 2011). Initialmanagement recommen-
dations focused on the use of foliar insecticides to
prevent yield losses of up to 47% because of soybean
aphid feeding (Ragsdale et al. 2007). Ragsdale et al.
(2007) recommended a foliar application of insecti-
cide when aphids reach an economic threshold of 250
aphids/plant. Johnson et al. (2009) noted that this
threshold was more proÞtable than either the appli-
cation of insecticides based on plant growth stage or
the use of an insecticidal seed treatment. Insecticidal
seed treatments have increased in use, especially in
Iowa (Hodgson et al. 2012), despite inconsistent im-
pacts on soybean aphid populations (McCornack and
Ragsdale 2006, Johnson et al. 2008, Magalhaes et al.
2009). The inconsistent efÞcacy of insecticidal seed
treatments for soybean aphid management is largely
because of the seasonal variability in their efÞcacy
(McCornack and Ragsdale 2006, Seagraves and Lun-
dgren 2012) and variability in the timing of soybean
aphidmigration and Þeld colonization (Hodgson et al.
2005, Schmidt et al. 2012). In general, insecticidal seed
treatments provide protection to soybean from insect
pests early in the growing season. For soybean aphids,
the efÞcacy of an insecticidal seed treatment is lost
55 d after planting (McCornack andRagsdale 2006),
which corresponds to middle to late July for much of
the soybean producing area of the north central
United States (Pedersen 2004). Soybean aphid out-
breaks typically occur in late July and August for this
region (Ragsdale et al. 2011). Therefore, insecticidal
seed treatments have a limited capacity to protect
soybeans from soybean aphid colonization and sub-
sequent population growth.
Host plant resistance may offer seasonÐlong pro-
tection from soybean aphids. At least four different
soybean genes conferring resistance to the soybean
aphid have been identiÞed (Hill et al. 2006;Mian et al.
2008b; Zhang et al. 2009, 2010). Currently, commer-
cially available soybean aphid-resistant varieties in-
corporate a single resistance gene, the Rag1 gene, or
two soybean aphid resistant genes, the Rag1 gene and
the Rag2 gene (McCarville et al. 2012b). Experiments
using artiÞcially infested plants indicate that combin-
ing two soybean aphid resistance genes into a single
soybean line increases resistance to the soybean aphid
(McCarville and OÕNeal 2012, Wiarda et al. 2012).
Despite the increased resistance displayed by a pyr-
amid line, varieties containing a single resistance gene1 Corresponding author, e-mail: oneal@iastate.edu.
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will likely continue to be grown for at least the near
future (McCarville et al. 2013).
Soybean aphids are capable of reaching populations
that exceed the economic threshold on varieties con-
taining a single aphid-resistancegene(McCarville and
OÕNeal 2012, Wiarda et al. 2012). High, potentially
economically damaging aphid populations on these
varieties could be because of several factors including
but not limited to 1) limited efÞcacy of these single
genes (Wiarda et al. 2012), 2) the presence of virulent
aphid biotypes capable of overcoming individual re-
sistance genes (Kim et al. 2008, Hill et al. 2010), 3)
declining efÞcacy of the resistance genes late in the
season (Klun and Robinson 1969), or 4) induced sus-
ceptibility (Baluch et al. 2012) or density-dependent
expression of resistance (i.e., resistance overcome by
larger populations of aphids on a plant).
Given the limited efÞcacy of single gene lines and
the presence of resistant biotypes capable of over-
coming these genes, there may be a beneÞt to pairing
insecticidal seed treatments with soybean aphid host
plant resistance to improve soybean aphid manage-
ment. Our goal was to measure soybean aphid mor-
tality because of host plant resistance (i.e., Rag1 and
Rag2) and an insecticidal seed treatment (i.e., thia-
methoxam) both alone and together and to determine
if these two sources of mortality provide improved
management of the soybean aphid during both vege-
tative and reproductive stages of soybean develop-
ment.
Materials and Methods
We conducted our study during 2011 and 2012 in
Þelds located within Story County, IA. The four soy-
bean lines used for our experiment were developed
using the backcross method (Fehr 1991), in which a
desired gene(s) is introduced from the donor parent
to the recurrent parent, offspring are backcrossed to
the recurrent parent, and the BC1F1 progeny are
selfed. The desired BC1F2 genotypes are selected and
lines, which do not differ signiÞcantly from the re-
current parent in any desired traits, are bulked to
create the new line. Additional details of the devel-
opment of the lines used in our experiment are out-
lined inWiarda et al. (2012). Brießy, each experimen-
tal soybean line was a bulk of 10 BC1F2:5 (2011) or 10
BC1F2:6 (2012) lines derived from a cross of LD08-
89051a (a line containing Rag2) and the recurrent
parent A08-123074 (containing Rag1). Therefore,
each individual line contains 75% of its genes from the
recurrent parent. Plants heterozygous for the Rag1
and Rag2 genes were selected at the BC1F1 genera-
tion. Their progenywere evaluated to select four distinct
genotypes: ÔSusceptibleÕ (rag1rag1rag2rag2), ÔRag1Õ
(Rag1Rag1rag2rag2), ÔRag2Õ (rag1rag1Rag2Rag2), and
ÔRag1  Rag2Õ (Rag1Rag1Rag2Rag2). Ten lines of each
genotypewerebulked to form the four experimental soy-
bean lines used for the experiment reported here.
We used a split-plot design with whole plots ar-
ranged in a randomized complete block design with
threeblocks.Thewholeplot treatmentwasoneof four
soybean lines planted at a rate of 346,000 seeds/ha
using standard farming practices (i.e., tillage and
preemergent weed control). Whole plots (soybean
lines) were 15.25m in length and comprised of 12 0.76
m-wide rows. Two treatments were assigned to a
whole plot, so that each block consisted of eight split-
plots. The two treatments were seed-treated and un-
treated. Soybean seed of each line assigned to the
seed-treated treatment was shipped to Syngenta Seed
Care (Stanton, MN) and treated with thiamethoxam
(Cruiser Þve FS, Syngenta Seeds) at a rate of 0.0756
mg/seed. Soybean seed assigned to untreated split-
plotswere kept free of pesticides andplanted as naked
seed. Plotswere planted on 24May and 15May in 2011
and 2012, respectively.
Plantswere artiÞcially infestedwith soybean aphids
to measure the efÞcacy of aphid resistance genes and
a seed treatment throughout thecourseof thegrowing
season. Noninfested plants were randomly selected
within the Þrst and sixth row of each untreated and
seed-treated split-plot for each soybean line. The Þrst
plants were selected 34 d after planting (dap) when
plants reached the early third trifoliate vegetative
stage (i.e., V3, per rating scale used by Fehr and Cavi-
ness 1977). Each week new plants were selected,
caged, and infestedwith aphids. The remaining sets of
cages were established at 42 dap (R1 in 2011, V7 in
2012), 48Ð49 dap (R2 in 2011, R1 in 2012), 55Ð56 dap
(R3 in 2011, R2 in 2012), 62Ð63 dap (R3 in 2011 and
2012), and 69 dap (R4 in 2011 and R3 in 2012). Cages
at 69 dap were deployed only in untreated split-plots
because therewas no evidenceofmortality because of
the insecticidal seed treatment in the previous two
cage sets (i.e., 55Ð56 and 62Ð63 dap). We stopped
caging plants when noninfested plants were no longer
available. In2011westoppedcagingplants after69dap
because of high populations of soybean aphids (100
aphids per plant with 95% of plants infested on the
susceptible line) making it unfeasible to locate non-
infested plantswithin the Þeld. In 2012, populations of
aphids were much lower 69 dap (5 aphids per plant
with 5% of plants infested on the susceptible line),
therefore, three additional sets of cages were estab-
lished(77, 84, and91dap).Aswith the 69dapcage sets
in 2011 and 2012, cages were established in only the
untreated split-plots because of the ineffectiveness of
a seed treatment at prior sampling periods (i.e., 55Ð56
and 62Ð63 dap).
For the purpose of these experiments, each cage
was considered an experimental unit. Because we vis-
ited each split-plot frequently to estimate soybean
aphid populations, we varied the location from which
plants were selected and artiÞcially infested to avoid
damaging adjacent plants. In 2011, only rows one and
six in each split-plot in blocks one and two were used
for theÞrst three setsof cages(34, 42, and49dap).This
was done as plant emergence in block three was de-
layed and reducedcomparedwithblocks one and two.
However, block three was used for the rest of 2011.
Rows one and six of blocks one, two, and three were
used for the rest of 2011 (55Ð56 and 62Ð63 dap) and
all of 2012. This resulted in fewer sampling points per
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treatment for the Þrst three time points in 2011 in
comparison to all other sampling dates.
Before infestation, each plant was inspected for
soybean aphids and any aphids found were manually
removed. A tomato cage was then placed over each
selected plant. Tomato cages were covered with a
whiteno-see-ummeshnet (QuestOutÞtters, Sarasota,
FL), whichwas buried in the ground and closed at the
top. Nets prevented the immigration and emigration
of soybean aphids and prevented aphidophagous
predators from consuming aphids within the cage
(Costamagna et al. 2006). This limited mortality or
population growthmeasured for each infestedplant to
only the host plant (i.e., its resistance gene(s)) or
insecticidal seed treatment.
Plantswere artiÞcially infestedwith soybean aphids
from a laboratory colony of biotype-1 soybean aphids
(i.e., avirulent to all Rag genes) maintained at Iowa
State University. Five, mixed-age apterous aphids
weremanually transferredwith a Þne camel hairbrush
(Winsor & Newton, Piscataway, NJ) to the underside
of the uppermost fully expanded trifoliate (McCar-
ville et al. 2012a).Aphidpopulations inside cageswere
allowed to increase for 9Ð12 d with populations as-
sessed every 3Ð4 d. Aphid populations were assessed
byopeningnets and counting all aphids (bothnymphs
and adults) on each caged plant.
Statistical Analyses. The abundance of soybean
aphids on caged plants was used to estimate the efÞ-
cacy over time of both thiamethoxam and the aphid
resistant lines.Aphid counts for each cagedplantwere
log transformed and graphed over time (days after
infestation). A linear regression was performed to
estimate the slope of the line, which was considered
the rate of population growth for each aphid popula-
tion (i.e., each cage). The rate of population growth
was analyzed using an analysis of variance (ANOVA)
(SAS, PROC Mixed, Cary, NC). Population growth
data were analyzed to address two questions, 1) does
the impact of the seed treatment on soybean aphid
populations vary across the four soybean lines at any
point in time and 2) does the efÞcacy of either the
Rag1 or Rag2 genes (alone or combined) on soybean
aphid populations vary across the season. To address
the Þrst question, each time set of cages (i.e., 34 or
42 dap) was analyzed separately to determine the
effect of an insecticidal seed treatment on aphid pop-
ulations across the four soybean lines. A mixed effects
model was used, in which a signiÞcant seed
treatment*soybean line interaction would indicate
that the impactof the seed treatmentvariedamong the
four lines. The model included the main effects of
year, soybean line, and seed treatment and the inter-
actions of year*soybean line, seed treatment*soybean
line, year*seed treatment, and year*soybean
line*seed treatment. Themodel also included the ran-
dom factors of block, year*block, cage*soybean line,
and year*block*soybean line.
A second analysis was conducted to assess the sea-
sonal efÞcacy of the Rag1 and Rag2 genes. For this
second analysis, only data from the untreated split-
plots was analyzed to assess if either the Rag1 or Rag2
gene varied in efÞcacy across the growing season.
These data were analyzed in two steps to account for
variation in the number of cage sets (i.e., time points)
between 2011 and 2012; in both steps a signiÞcant
effect of soybean linewould indicate aphidpopulation
growth rate differed among the soybean lines. If the
effect of soybean line is not consistent across all time
points, this would indicate variability in the seasonal
efÞcacy of one or more of the Rag genes. In the Þrst
step of this analysis, data from all time points repli-
cated in both 2011 and 2012 were analyzed in a mixed
effects model that included the Þxed effects of year,
dap, soybean line, and the interactions year*dap,
year*soybean line, dap*soybean line, and
year*dap*soybean line. The model also included the
random effect block and the interaction terms
year*block, soybean line*block, dap*block,
year*dap*block, year*soybean line*block, and
dap*soybean line*block. In total, this analysis in-
cluded all measurements taken before 77 dap.
In the second step, data from 2012 were analyzed
separately. In this analysis data from all cage sets in
2012 including 77, 84, and 92 dap were analyzed. The
model included the main effects of soybean line, dap,
and the interaction of soybean line*dap. The model
also included the random effects of cage, and the
interactions of block*soybean line and block*dap.
Results
In both 2011 and 2012, despite using a population of
soybean aphid comprised of biotype-1 (i.e., avirulent
to both Rag1 and Rag2) we were able to maintain
soybean aphid populations on the aphid susceptible
and aphid resistant soybean lines. The average aphid
populations 9Ð12 d after receiving Þve aphids for the
untreated split-plots (averaged across all time points
and both years of the study)were 62.6, 7.9, 3.8, and 0.6
aphids/plant for the susceptible, Rag1, Rag2, and
Rag1  Rag2 lines, respectively. These results are
consistent with previous studies demonstrating bio-
type-1 soybean aphids as capable of surviving on both
the Rag1 and Rag2 lines, though with a reduction in
fecundity and survival (McCarville and OÕNeal 2012,
Wiarda et al. 2012).
Although we consistently observed positive popu-
lation growth rates in the untreated split-plot of the
susceptible line, we did observe negative growth rates
for theuntreated split-plot of the susceptible line at 34,
70, and 84 dap in 2012. During these periods of 2012,
we experienced high temperatures (61% of daily high
temperatures for these time points were above the
soybean aphidÕs developmental optimum) and dry
conditions, which are not conducive for soybean
aphid development (McCornack et al. 2004, Ragsdale
et al. 2011). This observation is consistent with the
extremely lowaphidpopulationsobserved throughout
Iowa during 2012 (Hodgson and VanNostrand 2012).
Interaction of Insecticidal Seed Treatments and
Host Plant Resistance. At all time-points (i.e., dap)
soybean line signiÞcantly affected aphid population
growth (Table 1). Although the effect of year and the
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interaction of year*soybean line was occasionally sig-
niÞcant, the interactions of year*seed treatment and
year*soybean line*seed treatment did not signiÞ-
cantly affect soybean aphid populations. Only during
the 42 dap time point did the seed treatment signiÞ-
cantly affect aphid population growth (F 33.75; df
1, 30; P 0.0001; Fig. 1). In addition, only during this
time point did the interaction of soybean line*seed
treatment signiÞcantly affect aphid populations (F 
4.68; df  3, 30; P  0.0085). This interaction is ob-
served in the reduction in aphid population growth
rates by a seed treatment on Rag1 (F 8.00; df 1,7;
P  0.0255), Rag2 (F  10.91; df  1, 8; P  0.0108),
and susceptible (F 16.31; df 1, 8; P 0.0037) lines,
but not on the Rag1 Rag2 line (F  2.71; df  1, 7;
P  0.1438).
Seasonal Efficacy of Rag Genes. Aphid population
growth on untreated soybean varied by year (F 
36.01; df  1, 3; P  0.0093) and soybean line (F 
45.39; df 3, 9; P 0.0001) for time points replicated
in both 2011 and 2012 (i.e., 34Ð69 dap). In addition to
themain effects, the interactions of year*soybean line
(F  7.14; df  3, 9; P  0.0094), and
year*dap*soybean line (F  2.03; df  15, 42; P 
0.0365) both signiÞcantly affected aphid population
growth. The main effect of dap (F  2.32; df  5, 15;
P 0.0947) and the interactions of year*dap(F 2.26;
df 5, 15; P 0.101) did not signiÞcantly affect aphid
populations. The interaction of dap*soybean line (F
1.75; df  15, 86; P  0.0551) had a marginally signif-
icant impact on soybean aphid populations. The sig-
niÞcant interaction of year*dap*soybean line indi-
cated that there may have been variability in the
efÞcacy of one or more of the Rag genes between the
2 yr of our study. Therefore, data were analyzed sep-
arately for 2011 and 2012.
In 2011, the factor of soybean line (F 27.88; df
3, 15; P 0.0001) signiÞcantly affected soybean aphid
growth rates (Fig. 2). We observed consistently
higher population growth rates for aphids on the sus-
ceptible line compared with the three aphid-resistant
lines. We did not observe a signiÞcant effect of plant
growth stage (as deÞned by differences in dap) on
aphidpopulationgrowth rates (F2.09; df5, 59;P
0.1114); however, the interaction of dap*soybean line
(F  1.85; df  15, 53; P  0.0518) was marginally
signiÞcant indicatingpossible variations in theefÞcacy
of one or more of the Rag genes. Data were then
analyzed by soybean line to determine if soybean
aphid population growth varied across the season by
soybean line. Soybean aphid growth rates did not vary
signiÞcantly across the six different points in time for
either the Rag1 Rag2 line (F 0.86; df 5, 18; P
0.5282)or the susceptible line (F 1.24; df 5, 18;P
0.3333). Days after planting, however, signiÞcantly
affected soybean aphid growth rates on the Rag2 line
(F 2.84; df 15, 18;P 0.0461) andhad amarginally
signiÞcant effect on the Rag1 line (F  2.66; df  15,
18; P  0.0570), thus indicating potential temporal
variability in the efÞcacy of both the Rag1 and Rag2
genes.
In 2012, the effect of soybean line (F 23.50; df
3, 15; P 0.0001) again signiÞcantly impacted soybean
aphid population growth rate (Fig. 3). The main ef-
fects of dap (F 2.13; df 5, 25; P 0.0949) and the
interaction of dap*soybean line (F 1.79; df 15, 75;
P  0.0512) were marginally signiÞcant. Soybean
aphid growth rates did not vary signiÞcantly over time
for either the Rag1 line (F  1.07; df  5, 25; P 
0.4020), Rag2 line (F  1.82; df  5, 25; P  0.1455),
or the susceptible line (F  1.98; df  5, 25; P 
0.1166).Days after planting, however, did signiÞcantly
impact soybeanaphidgrowth rates on theRag1Rag2
line (F 2.90; df 15, 25; P 0.0339); thus, indicating
potential temporal variability in the efÞcacy of the
Rag1  Rag2 line.
The 2012 data were then analyzed again, this time
including the last three time points (77, 84, and 92
dap).Whenanalyzing thecompletedata set, theeffect
of soybean line (F 28.56; df 3, 15; P 0.0001) was
still found to signiÞcantly impact soybean aphid
growth rates (Fig. 3).However, soybean aphid growth
rates did not vary signiÞcantly for the main effects of
dap (F  1.51; df  8, 40; P  0.1851) and the inter-
Table 1. Seasonal effect of insecticidal seed treatment on aphid
populations
Effect df F statistic P value
34 dap
Year 1,3 4.55 0.1225
Soybean line 3,9 23.84 0.0001a
Year*soybean line 3,9 6.52 0.0123a
Seed treatment 1,32 0.02 0.9009
Soybean line*seed treatment 3,32 0.02 0.9946
Year*seed treatment 1,32 2.47 0.1258
Year*line*seed treatment 3,32 1.16 0.3416
42 dap
Year 1,3 3.36 0.1640
Soybean line 3,9 11.24 0.0021a
Year*soybean line 3,9 0.80 0.5250
Seed treatment 1,30 33.75 0.0001a
Soybean line*seed treatment 3,30 4.68 0.0085a
Year*seed treatment 1,30 1.76 0.1945
Year*line*seed treatment 3,30 0.37 0.7781
48Ð49 dap
Year 1,3 14.70 0.0313a
Soybean line 3,9 28.73 0.0001a
Year*soybean line 3,9 8.31 0.0058a
Seed treatment 1,32 0.02 0.8876
Soybean line*seed treatment 3,32 1.00 0.4052
Year*seed treatment 1,32 0.04 0.8472
Year*line*seed treatment 3,32 2.07 0.1235
55Ð56 dap
Year 1,3 5.27 0.1054
Soybean line 3,8 17.46 0.0007a
Year*soybean line 3,8 0.55 0.6618
Seed treatment 1,34 0.06 0.8109
Soybean line*seed treatment 3,34 0.36 0.7842
Year*seed treatment 1,34 0.16 0.6908
Year*line*seed treatment 3,34 0.04 0.9883
62Ð63 dap
Year 1,3 14.02 0.0332a
Soybean line 3,9 7.86 0.0069a
Year*soybean line 3,9 0.87 0.4907
Seed treatment 1,40 2.94 0.0940
Soybean line*seed treatment 3,40 1.33 0.2792
Year*seed treatment 1,40 2.45 0.1254
Year*line*seed treatment 3,40 0.76 0.5231
a Effect signiÞcantly impacted soybean aphid pop growth at
P  0.05.
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action of dap*soybean line (F 1.08; df 24, 120; P
0.3723).
Discussion
In this study, we measured variability in the tem-
poral efÞcacyandpotential interactionof two soybean
aphidmortality factors, an insecticidal seed treatment
and the soybean aphid resistance genes Rag1 and
Rag2. In previous studies, McCornack and Ragsdale
(2006) and Seagraves and Lundgren (2012) both in-
vestigated the efÞcacy of insecticidal seed treatments
against soybean aphids at different time points during
the season. While previous studies have successfully
used soybeans at both vegetative growth stages (Li et
al. 2007, Mian et al. 2008a, Hesler et al. 2012) and
reproductive stages (Wiarda et al. 2012) to evaluate
resistance, we are unaware of any previous experi-
ments investigating the temporal efÞcacy of soybean
aphid resistance genes across the growing season or
their interactionover timewith insecticidal seed treat-
ments. In our study, we found both insecticidal seed
treatments and soybean aphid host plant resistance to
signiÞcantly decrease soybean aphid populations at
one or more times during the season.
Previous studies investigating thiamethoxam seed
treatments against soybean aphids have used different
methods tomeasure the efÞcacy of the seed treatment
over varying lengthsof time.McCornackandRagsdale
(2006)measured survival and nymphproduction over
a 48-h period in both detached leaf and Þeld assays,
Seagraves and Lundgren (2012) measured aphids
present after 7 d in a detached leaf assay, while we
measured population growth over a 10Ð12 d period in
the Þeld. Despite differences in assay methods and
durations, similar efÞcacy resultswereobtainedacross
the three studies. McCornack and Ragsdale (2006)
observed soybean aphid mortality because of a thia-
methoxam seed treatment was low during early veg-
etative stages (i.e., 28 dap), peaked at 35 dap, declined
by 48 dap, and was absent by 55 dap. Seagraves and
Lundgren (2012) found thiamethoxam and imidaclo-
prid seed treatments increased aphid mortality from
26 to 40 dap, but had no effect by 46 dap. In our study,
the thiamethoxam seed treatment signiÞcantly re-
duced population growth at only one time period (42
dap). In our experiment the peak for seed treatment
efÞcacy is encompassed in the 42 dap time point in
which aphids were placed on soybean plants 42 dap
and population growthwas tracked for 12 d (i.e., to 54
Fig. 1. Soybean aphid population growth rates from both 2011 and 2012 as affected by a thiamethoxam seed treatment
over the course of the growing season on four soybean lines. Soybean lines were near-isolines including a soybean aphid
susceptible line, a Rag1 resistant line, a Rag2 resistant line, and a fourth line containing both the Rag1 and Rag2 genes. Five
soybean aphids were placed on different caged soybean plants weekly from 34Ð62 dap and population growth was tracked
for 9 to 12 d after infestation. Asterisks indicate signiÞcant differences (P 0.05) between treatments within a soybean line.
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dap). This corresponds to McCornack and RagsdaleÕs
42 and 49 dap time points and Seagraves and Lund-
grenÕs 42 dap time point. Combined these studies sug-
gest that the efÞcacy of thiamethoxam is low early in
the season (i.e., 28 dap) and peaks at 42Ð48 dap before
decreasing, indicating these observations are robust to
a diversity of environmental and experimental vari-
ables.
In examining the interaction between thiame-
thoxam and aphid-resistance we found evidence for
unequal effects of the seed treatment across the four
soybean lines. At 42 dap, when the seed treatment
Fig. 2. Soybean aphid population growth rates in 2011 as affected by four near-isoline soybean lines, a susceptible line,
a Rag1 resistant line, a Rag2 resistant line, and a fourth line containing both the Rag1 and Rag2 genes. Five soybean aphids
were placed on different caged soybean plants weekly from 34Ð91 dap and population growth was tracked for 9 to 12 d after
infestation. Letters indicate signiÞcant differences (P  0.05) among soybean lines within a single sampling point.
Fig. 3. Soybean aphid population growth rates in 2012 as affected by four near-isoline soybean lines, a susceptible line,
a Rag1 resistant line, a Rag2 resistant line, and a fourth line containing both the Rag1 and Rag2 genes. Five soybean aphids
were placed on different caged soybean plants weekly from 34Ð69 dap and population growth was tracked for 9 to 12 d after
infestation. Letters indicate signiÞcant differences (P  0.05) among soybean lines within a single sampling point.
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signiÞcantly reduced soybean aphid growth rates on
the susceptible line, we were unable to measure any
impact of the seed treatment on soybean aphid pop-
ulations on the Rag1 Rag2 pyramid. The lack of an
effect of the seed treatment on the Rag1 Rag2 line
was likely because of the design of our assay and the
already high efÞcacy of the pyramid line, which re-
sulted in almost complete soybean aphid mortality
from the pyramid line in the absence of a seed treat-
ment. Aphid population growth, however, was still
signiÞcantly reduced on both single gene lines. This
result suggests that while insecticidal seed treatments
may provide protection to soybean aphid-susceptible
varieties, and also soybean aphid-resistant varieties
carrying a single resistance gene, they are likely un-
necessary at this time for varieties with multiple re-
sistance genes. This conclusionmaynot be valid in the
future if with increased use of Rag genes, the fre-
quency of virulent soybean aphid biotypes increase in
the environment.
As for aphid resistance, we observed signiÞcantly
reduced population growth compared with the sus-
ceptible line that extended to at least 55 dap for single-
gene resistance and 63 dap for the two genes com-
bined. In addition, at only three sampling periods
between 2011 and 2012 was there a positive rate of
population growth measured on a resistant soybean
line (42, 62, and 69 dap in 2011) and at none of these
three sampling points was there a positive rate of
growth on the Rag1 Rag2 pyramid line. However, in
both 2011 and 2012, we observed temporal variability
in the performance of at least one resistant line. In
2011, both the Rag1 and Rag2 lines displayed signiÞ-
cant temporal variability in soybean aphid population
growth rates, while in 2012 the Rag1 Rag2 pyramid
displayed temporal variability. In neither year did soy-
bean aphid population growth rates signiÞcantly vary
with time on the susceptible line, indicating that the
variations observed on the resistant lines occurred
independently of overall host plant quality. In 2011,
the variation in efÞcacy for theRag1 line andRag2 line
was because of elevated soybean aphid growth rates at
the 63 dap (Rag1 and Rag2) and 70 dap (Rag2) time
points. In 2012, the variation in efÞcacy for theRag1
Rag2 pyramid was because of exceedingly high rates
of soybean aphid mortality at the 42, 63, and 70 dap
time points. Combined the 2 yr of this study suggests
there is little seasonal variation in resistance expres-
sion for either the Rag1 or Rag2 genes.
As a whole this study shows soybean aphid-resis-
tance to provide greater and more consistent soybean
aphid control throughout the growing season when
compared with an insecticidal seed treatment. These
results also suggest insecticidal seed treatments could
be used in addition to single gene resistance to im-
prove early season soybean aphid control. The man-
agement tactic of pairing host plant resistance with
insecticidal seed treatments may have unintended
consequences though. Seagraves and Lundgren
(2012) showed thiamethoxam seed treatments can
reduce the overall population of generalist predators
in the Þeld. McCarville and OÕNeal (2012) demon-
strated the large impact pyramided resistance has on
plant exposure to aphids when paired with biological
control. In their experiment the soybean plantÕs sea-
sonal exposure to aphids was reduced by over 99%
when soybean aphids were exposed to a Rag1 Rag2
pyramid and natural enemies comparedwith a natural
enemy free susceptible plant. Therefore, care should
be taken when pairing insecticidal seed treatments
with soybean aphid host plant resistance.
How the reductions in soybean aphid population
growthwemeasured affect soybean aphid abundance
in the Þeld speciÞcally related to the current eco-
nomic threshold and economic injury level will de-
pendon factors such as soybean aphid arrival time and
immigration rates, the occurrence of virulent bio-
types, and natural enemy populations. All of these
factors are likely to vary among locations and years
within the north central United States; therefore, a
multi-location regional Þeld study is warranted to in-
vestigate the effects of both host plant resistance and
insecticidal seed treatments on soybean aphid abun-
dance.
Acknowledgments
WethankKentBurns for assistancewithplanting andÞeld
preparation.We also thank Syngenta for applications of thia-
methoxam seed treatments. This research was funded by the
Iowa Soybean Association, the North Central Soybean Re-
search Program and Soybean check-off.
References Cited
Baluch, S. D., H. W. Ohm, J. T. Shukle, and C. E. Williams.
2012. Obviation of wheat resistance to the Hessian ßy
through systemic induced resistance. J. Econ. Entomol.
105: 642Ð650.
Brace, R. C., andW.R. Fehr. 2012. Impact of combining the
Rag1 andRag2 alleles for aphid resistance on agronomic
and seed traits of soybean. Crop Sci. (doi:10.2135/
cropsci2011.12.0637).
Costamagna, A. C., and D. A. Landis. 2006. Predators exert
top-downcontrol of soybean aphid in Iowa soybean agro-
ecosystems. Ecol. Appl. 16: 1619Ð1628.
Fehr, W. R., and C. E. Caviness. 1977. Stages of soybean
development. Iowa Agricultural and Home Economics
Experiment Station Special Report: 3Ð11, Ames, IA.
Hesler, L. S., D. A. Prischmann, and K. E. Dashiell. 2012.
Field and laboratory evaluations of soybean lines against
soybean aphid (Hemiptera: Aphididae). J. Econ. Ento-
mol. 105: 608Ð615.
Hill, C. B., L. Crull, T. K. Herman, D. J. Voegtlin, and G. L.
Hartman. 2010. A new soybean aphid (Hemiptera:
Aphididae) biotype identiÞed. J. Econ. Entomol. 103:
509Ð515.
Hill, C. B., Y. Li, and G. L. Hartman. 2006. A single domi-
nant gene for resistance to the soybean aphid in the
soybean cultivar Dowling. Crop Sci. 46: 1601Ð1605.
Hodgson, E., and G. VanNostrand. 2012. 2011 report of in-
secticide evaluation. Iowa StateUniversity 288Ð11, Ames,
IA.
Hodgson, E. W., M. Kemis, and B. Geisinger. 2012. Assess-
ment of Iowa growers for insect pest management prac-
tices. J. Extension 50: 4 RIB6.
1308 JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 106, no. 3
Hodgson, E. W., R. C. Venette, M. Abrahamson, and D. W.
Ragsdale. 2005. Alate production of soybean aphid (Ho-
moptera:Aphididae) inMinnesota.Environ.Entomol. 34:
1456Ð1463.
Johnson, K. D., M. E. O’Neal, D.W. Ragsdale, C. D. Difonzo,
S. M. Swinton, P. M. Dixon, B. D. Potter, E.W. Hodgson,
and A. C. Costamagna. 2009. Probability of cost-effec-
tive management of the soybean aphid (Hemiptera:
Aphididae) in North America. J. Econ. Entomol. 102:
2101Ð2108.
Johnson, K. D., M. E. O’Neal, J. D. Bradshaw, andM. E. Rice.
2008. Is preventative and concurrentmanagement of the
soybean aphid (Hemiptera: Aphididae) and bean leaf
beetle (Coleoptera: Chrysomelidae) possible? J. Econ.
Entomol. 101: 801Ð809.
Kim, K. S., C. B.Hill, G. L.Hartman,M.A.R.Mian, andB.W.
Diers. 2008. Discovery of soybean aphid biotypes. Crop
Sci. 48: 923Ð928.
Klun, J. A., and J. F. Robinson. 1969. Concentration of two
1,4-benzoxazinones in dent corn at various stages of de-
velopment of the plant and its relation to resistance of the
host plant to the European corn borer. J. Econ. Entomol.
62: 214Ð220.
Li, Y., C. B. Hill, S. R. Carlson, B. W. Diers, and G. L.
Hartman. 2007. Soybean aphid resistance genes in the
soybean cultivars Dowling and Jackson map to linkage
group M. Mol. Breeding 19: 25Ð34.
Magalhaes, L. C., T. E. Hunt, and B. D. Siegfried. 2009.
EfÞcacy of neonicotinoid seed treatments to reduce soy-
bean aphid populations under Þeld and controlled con-
ditions in Nebraska. J. Econ. Entomol. 102: 187Ð195.
McCarville, M., E. Hodgson, and M. O’Neal. 2013. Soybean
aphid-resistant soybean varieties for Iowa. Iowa State
University Extension and Outreach PM 3023, Ames, IA.
McCarville, M. T., M. O’Neal, G. L. Tylka, C. Kanobe, and
G. C. MacIntosh. 2012a. A nematode, fungus, and aphid
interact via a shared host plant: implications for soybean
management. Entomol. Exp. Appl. 143: 55Ð66.
McCarville, M., E. Hodgson, and M. O’Neal. 2012b. Soy-
bean aphid-resistant soybean varieties for Iowa. Iowa
State University Extension andOutreach PM3023, Ames,
IA.
McCarville, M. T., and M. E. O’Neal. 2012. Measuring the
beneÞt of biological control for single gene and pyra-
mided host plant resistance for soybean aphid, Aphis
glycines (Hemiptera: Aphididae) management. J. Econ.
Entomol. 105: 1835Ð1843.
McCornack, B. P., and D. W. Ragsdale. 2006. EfÞcacy of
thiamethoxam to suppress soybean aphid populations in
Minnesota soybean.CropManag. (doi:10.1094/CM-2006-
0915-01-RS).
McCornack, B. P., D. W. Ragsdale, and R. C. Venette. 2004.
Demography of soybean aphid (Homoptera: Aphididae)
at summer temperatures. J. Econ. Entomol. 97: 854Ð861.
Mian, M.A.R., R. B. Hammond, and S. K. St. Martin. 2008a.
New plant introductions with resistance to the soybean
aphid. Crop Sci. 48: 1055Ð1061.
Mian, M.A.R., S. T. Kang, S. E. Beil, and R. B. Hammond.
2008b. Genetic linkage mapping of the soybean aphid
resistance gene in PI 243540. Theor. Appl. Gen. 117:
955Ð962.
Pedersen, P. 2004. Soybean growth and development. Iowa
State University Extension PM 1945, Ames, IA.
Ragsdale,D.W.,D.A.Landis, J. Brodeur,G.E.Heimpel, and
N. Desneux. 2011. Ecology and management of the soy-
bean aphid in North America. Annu. Rev. Entomol. 56:
375Ð399.
Ragsdale,D.W.,B.P.McCornack,R.C.Venette,B.D.Potter,
I.V.MacRae,E.W.Hodgson,M.E.O’Neal,K.D. Johnson,
R. J.O’Neil,C.D.Difonzo, et al. 2007. Economic thresh-
old for soybean aphid (Hemiptera: Aphididae). J. Econ.
Entomol. 100: 1258Ð1267.
Schmidt, N. P., M. E. O’Neal, P. F. Anderson, D. Lagos, D.
Voegtlin, W. Bailey, P. Caragea, E. Cullen, C. DiFonzo,
K.Elliot, et al. 2012. Spatial distributionofAphis glycines
(Hemiptera: Aphididae): a summary of the suction trap
network. J. Econ. Entomol. 105: 259Ð271.
Seagraves, M. P., and J. G. Lundgren. 2012. Effects of neo-
nicotinoid seed treatments on soybean aphid and its nat-
ural enemies. J. Pest Manag. 85: 125Ð132.
Wiarda, S. L., W. R. Fehr, andM. E. O’Neal. 2012. Soybean
aphid (Hemiptera: Aphididae) development on soybean
lines with Rag1 alone, Rag2 alone, and both genes com-
bined. J. Econ. Entomol. 105: 252Ð258.
Zhang, G., C. Gu, and D. Wang. 2010. A novel locus for
soybean aphid resistance. Theor. Appl. Genet. 120: 1183Ð
1191.
Zhang, G. R., C. H. Gu, and D. C. Wang. 2009. Molecular
mappingof soybean aphid resistance genes inPI 567541B.
Theor. Appl. Genet. 118: 473Ð482.
Received 10 December 2012; accepted 18 March 2013.
June 2013 MCCARVILLE AND OÕNEAL: SOYBEAN APHID RESISTANCE AND SEED TREATMENT 1309
